Low carbon ferromanganese was nitrided through gas-solid reaction. The nitriding process has been carried out on lab scale at temperature range 800 ∘ C-950 ∘ C at different nitrogen pressures. Temperature, time, and partial nitrogen pressure of nitriding process of fine low carbon ferromanganese were investigated. Nitrogen content, in weight percent, was more than 9%. MATLAB software was used to derive mathematical model to predict nitrogen content as a function of temperature and nitrogen pressure. According to derived model, nitrogen content can be calculated by the following equation: N content, wt.% = (−30.8882 + 0.0326 * )/(1+ −(( +0.0038 * −8.4155)/(3.6374−0.0018 * )) ), where, T is nitriding temperature in K and P is nitrogen pressure in bar. The experimental results are in good agreement with the predicted results. The results showed that nitrogen content, at steady state, is mainly depending on temperature and pressure of nitriding process. MATLAB is a good tool to make precision mathematical model.
Introduction
Ferromanganese nitrogen alloy has no use as it is but it is used as a source of nitrogen-in addition to manganese-in manufacturing high nitrogen steel, especially stainless steel, particularly austenitic stainless steel. Nitrogen is considered as a very strong austenitic stabilizer [1] [2] [3] . This is due to the fact that nitrogen atom occupies octahedral interstitial sites in the crystal lattice of austenite [4] . So, nickel can be replaced by nitrogen in manufacturing austenitic stainless steel. Many authors reported [5] [6] [7] [8] [9] that one unit of nitrogen is equivalent to not less than 18 units of nickel, so nitrogen is used as an alloying element in manufacturing different steel grades [10] [11] [12] . Nitriding of ferromanganese with carbon content 1-7%, was published by authors [13, 14] . It was found that medium and high carbon ferromanganese nitrogen are not suitable in manufacturing low carbon austenitic stainless steel containing high nitrogen. So, this work aims to investigate the nitriding process of low carbon ferromanganese.
Nitrogen is one of the strongest austenitic stabilizing elements. Since nitrogen is more effective at solid-solution strengthening and has greater solid solution solubility, compared to carbon with a decreased tendency for precipitation during processing, nitrogen has been the principal interstitial alloying element in austenitic stainless steel [1, 2] . High nitrogen stainless steels exhibit excellent mechanical properties as well as corrosion resistance properties, so considerable efforts have been made to develop high nitrogen stainless steels over the past decades. Nitrogen in solid solution confers many desirable properties to austenitic stainless steels. It enhances the stability of face centered cubic lattice and increases the yield strength of austenitic stainless steels. The hardening effect due to nitrogen has extended the usefulness and applicability of austenitic stainless steels [10] [11] [12] .
All the previous work of nitriding of ferromanganese, ferrovanadium, ferrochromium, ferrosilicon, ferroniobium, and other ferroalloys [13] [14] [15] [16] [17] [18] [19] [20] was concerned with investigation of the affecting parameters on nitriding process such as time, temperature, states of nitriding, nitriding gas composition, and chemical composition of ferroalloys. A few authors [19] studied the activation energy of nitriding process. But, there is no published work concerned with the prediction of nitrogen pickup. The novelty of this work is in simulation of nitriding process of ferromanganese by using MATLAB program, where mathematical model was built up to predict nitrogen pickup during nitriding process as a function of temperature This work is the extension of the previously published work [14, 19] which was concerned with the nitriding of medium carbon ferromanganese where carbon content is 1.2% C, while this work is concerned with nitriding of low carbon ferromanganese in which carbon content is 0.23%.
Experimental
Gas-solid reaction was used in nitriding of low carbon ferromanganese. Low carbon ferromanganese has carbon content 0.23%, silicon content 0.61%, manganese content 83.8%, and about 15% Fe. Nitriding process of low carbon ferromanganese was carried out on laboratory scale using 50 gm. The sieve analysis of fine low carbon ferromanganese was carried out. Gas mixture of nitrogen and hydrogen was used in nitriding process, where nitrogen gas was used as source of nitrogen and hydrogen gas was used as a deoxidizer. The system of the nitriding process has purification unit and nitriding unit. The purification unit purifies gases from oxygen, using tube furnace containing copper turning heated to 570 ∘ C, and moisture, using 4 drying towers filled with anhydrous calcium chloride and magnesium perchlorate, before entering the nitriding unit. The nitriding unit consists of an electric resistance tube furnace, with maximum temperature 1200 ∘ C. The fine low carbon ferromanganese was placed into an alumina boat which was introduced into the hot zone of the nitriding furnace. The furnace at first was tested for gas leakage then the nitriding unit was flushed gently with hydrogen. The outlet valve was then closed and the gases (H 2 and N 2 ) were injected into the nitriding unit until the required pressure of gases was reached. The temperature was raised gradually to the required temperature. The nitriding process continued for the selected time. The furnace was, then, switched off and the outlet valve was opened gradually to reach the normal pressure and it was closed again and hydrogen gas was introduced in the unit and the nitrided sample was left in the furnace to cool to room temperature. Then the outlet valve was opened gradually to remove hydrogen.
Nitriding process was carried out at temperatures 800 ∘ C, 850 ∘ C, 900 ∘ C, and 950 ∘ C and at time intervals 2 hours, 4 hours, 6 hours, and 8 hours with different nitrogen pressures. Also, the partial nitrogen pressure was investigated. Kjeldahl apparatus was used in determination of nitrogen content in nitrided low carbon ferromanganese [21] . Each sample was analyzed three times and the average value of nitrogen content was considered.
Results and Discussion
The sieve analysis of low carbon ferromanganese is given in Table 1 . Low carbon ferromanganese has carbon content of 0.23%, silicon content of 0.61%, manganese content of 83.8%, and about 15% Fe. The results of nitriding process of low carbon ferromanganese at different nitrogen partial pressures and temperatures after six hours were shown in Figure 1 . Figure 1 shows the relation between nitrogen pickup and partial nitrogen pressure within temperature range 800 ∘ C-950 ∘ C. It is clear that the nitrogen pickup increases by increasing partial nitrogen pressure from 0.667 to 0.800, after that leveling of nitrogen pickup occurs.
The overall gas-solid metal reaction (nitrogen-low carbon ferromanganese) which involves adsorption-desorption mechanism can be described as follows [22] : 
where N 2 is free nitrogen gas molecules, N 2 is nitrogen gas molecules closest to low carbon ferromanganese surface, N 2ad is adsorbed nitrogen gas molecule on the surface of low carbon ferromanganese, N ad is adsorbed nitrogen atom on the surface of low carbon ferromanganese, N is nitrogen combined with manganese at the surface of low carbon ferromanganese, and N bulk is nitrogen combined with manganese at the bulk of low carbon ferromanganese. Therefore, the absorption of nitrogen gas by the solid ferromanganese passes through the following stages: N 2 gas transfer to the surface of ferromanganese, adsorption of N 2 gas molecules on the FeMn surface, dissociation of the nitrogen gas molecules into atoms, and diffusion of the adsorbed atoms from the surface of the metal into the bulk of solid ferromanganese particles.
Firstly, increasing partial nitrogen pressure from 0.667 to 0.800 increases the nitrogen pickup as a result of increasing nitrogen gas transfer to the surface of fine low carbon ferromanganese and hence rate of adsorption on the surface of particles will increase and the combination between nitrogen and manganese will increase.
By further increasing partial nitrogen pressure from 0.800 to 0.857, nitrogen pickup was not increment. This may be attributed to two opposite factors. The first one is that increasing nitrogen partial pressure increases nitrogen diffusion and physical adsorption on the surface of low carbon ferromanganese particles. The second one is that increasing partial nitrogen pressure hinders dissociation of adsorbed nitrogen molecule on surface of fine low carbon ferromanganese particles.
The variations of nitrogen pickup with time at different temperatures were illustrated in Figure 2 . It is clear that nitrogen pickup of fine low carbon ferromanganese increases by increasing temperature and time. The rate of nitrogen pickup is affected by temperature more than time. At the first time of nitriding process, it was noticed that the rate of nitrogen pickup at different temperatures increases rapidly. Then, the rate of nitriding process decreases by time up to reaching leveling after about 6 hours. This behavior can be described by one or more of the following.
Firstly, leveling can be controlled by the nitrogen diffusion flow, which can be expressed by the following first-order equation:
where N/ is the diffusion flow, is the nitrogen transfer coefficient into the ferromanganese alloy, N eq. is the nitrogen concentration in equilibrium with the gaseous phase, and N V is the nitrogen concentration within the volume of the ferromanganese alloy. This equation indicates that the gas nitriding process of ferromanganese is controlled by the solid state diffusion of nitrogen in the ferroalloy, and it also shows that nitrogen adsorption becomes retarded as the nitrogen content in the ferromanganese alloy increases until it reaches N eq. [23, 24] . Secondly, the leveling can be attributed to the decomposition of nitrides especially manganese nitrides which dissociate in this range of temperature to form a solid solution with low nitrogen content [25, 26] . This is in agreement with the results which were obtained by Hundsbedt and Olsen who reported that the decomposition of formed nitrides (Mn and Fe) N from high nitrogen content (Mn 3 N 2 and Mn 2 N) into lower nitrogen content (Mn 4 N) at high temperature more than 900 ∘ C [20] . MATLAB program was used to derive an equation to predict nitrogen content as a function of temperature and pressure of nitriding process as given in (7). The gained equation is used to predict the maximum nitrogen pickup, that is, at equilibrium state and the carbon content was not taken into consideration. 
where is temperature of nitriding process in K and P is nitrogen pressure in bar.
It is clear that the experimental results of nitrogen contents are in good agreement with predicted results at different temperatures. The deviations between calculated and actual nitrogen content disappeared at high nitrogen pressures. This may be related to the fact that at high nitrogen pressures, nitrogen pickup reached its maximum, that is, equilibrium state. Also, this mathematical model can be used to predict nitrogen pickup for low carbon ferromanganese at lower temperatures. Adjust calculated nitrogen content to zero; the critical nitriding temperature at which nitriding pickup starts can be deduced. According to the model, the critical nitriding temperature was found to be 947.49 K (674.49 ∘ C). The literature [13, 14, 19, 20, 24] showed that the critical nitriding temperature of ferromanganese alloys in gas solid reaction by using nitrogen gas as a source of nitrogen took place at not less than 700 ∘ C.
Conclusions
From the experimental results, it can be concluded that the nitrogen content in low carbon ferromanganese increases by increasing temperature within range 800 ∘ C-950 ∘ C. Partial nitrogen pressure has positive significant effect on nitriding process of low carbon ferromanganese in range of 0.667-0.800. Nitrogen pickup reached leveling after 6 hours at temperatures 900 ∘ C and 950 ∘ C. The increase in temperature in the range of 800 ∘ C-950 ∘ C has a positive significant effect on nitrogen pickup. The nitrogen pickup increases with increasing nitrogen pressure up to 8 bar while at more nitrogen pressure (8 bar-12 bar), the nitrogen pickup reached leveling.
Nitrogen pickup can be predicted by using the derived mathematical model by using MATLAB program as given in the following equation: 
(8)
The mathematical model is function of temperature and nitrogen pressure of nitriding process and it restricted to low carbon ferromanganese. The model has enabled predicting the critical nitriding temperature of ferromanganese in gassolid reaction, which is in good agreement with experiments of several authors.
The predicted nitrogen content from mathematical model is in good agreement with the actual nitrogen content especially at equilibrium state.
